Objectives: The aim of this study was to investigate the role of insulin-like growth factor-1 (IGF-1) and crosstalk between endothelial cells (ECs) and adipose-derived stem cells (ASCs) in the process of angiogenesis.
| INTRODUCTION
Angiogenesis plays a pivotal role in tissue regeneration and wound repair processes by providing oxygen and nutrients and eliminating ambient extracellular matrix (ECM), EC proliferation and migration, and their ultimate reorganization into a three-dimensional tubular structure.
3-5
Despite these known benefits, clinical trials on the administration of pro-angiogenic factors, including vascular endothelial growth factor (VEGF) or fibroblast growth factor (FGF), have generally shown unsatisfactory results. 6 Therefore, alternative strategies are needed to target cells other than ECs for indirectly regulating the process of angiogenesis. 7 Cell-based vessel regeneration therapies have been applied as treatments for a series of ischaemic diseases, including myocardial infarction and peripheral vascular disease (PVD). [8] [9] [10] The combined application of ECs and adipose-derived stem cells (ASCs) has proved to be a practical method for constructing stable vascular networks, with ASCs providing microvascular beds and up-regulating the secretion of bioactive factors. 1, 11 Our previous studies demonstrated that few vessel-like structures were formed under mono-culture of ECs, although their numbers increased after co-culture with ASCs.
12,13
Insulin-like growth factor-1 (IGF-1) participates in several cell behaviours such as growth, differentiation and transformation, and has become a hot spot of research on various vascular diseases such as atherosclerosis, hypertension, angiogenesis and diabetic vascular disease. 14 IGF-1 and its corresponding receptor can subsequently activate PI3K/Akt signalling pathways and further induce cellular actions such as proliferation, differentiation and migration. 15 The interaction between IGF-1 and other growth factors further complicates IGF-1 signalling. 16 In terms of angiogenesis, IGF-1 has a positive effect by exerting anti-apoptosis effects and promoting the migration of vascular smooth muscle cells. In addition, targeted expression of IGF-1 to the smooth muscle in transgenic mice led to smooth muscle hyperplasia in smooth muscle-rich tissues and significantly promoted the aortic medial area and thickness.
17
Moreover, IGF-1 can promote glucose uptake, DNA synthesis, migration, inflammatory and vasodilatory responses, and angiogenesis in microvessel ECs.
18,19
The growth factor/PI3-kinase/Akt signalling pathway has been shown to play a key role in regulation of the angiogenic phenotype through the induction of angiogenic growth factors to stimulate PI3-kinase/Akt signalling in ECs in an autocrine manner. 
| METHODS

| Cell culture
The inguinal fat for ASCs was collected from 3-week female mice under aseptic conditions. The fat was cut finely and immersed in 0.075-0.1% collagenase I at 37°C in a water bath for 1 hour. Digestion was terminated with 10% FBS α-MEM and the suspension was centrifuged at 200 g for 5 minutes. Then the supernatant was removed and the remaining cells were resuspended with 10% FBS α-MEM. The suspension was inoculated into culture flasks and incubated at 37°C
and 5% CO 2 . ASCs were passaged to the third generation to obtain relatively pure ASCs. 12, 13 We collected brain microvascular tissue from newborn mouse to obtain ECs. The samples were cut finely and digested with 0.5% col- Cell samples for gene and protein detections were divided into 3 groups: (i) mono-culture group, (ii) mono-culture group with IGF-1 and (iii) co-culture group with IGF-1. we observed more microvessel-like structures in the EC/ASC coculture system supplemented with IGF-1 than in the co-culture group without IGF-1 ( Figure 1A ). In the co-culture group exposed to IGF-1, which exhibited more GFP-mASCs wrapping around, RFP-mECs proliferated, elongated and formed additional microvessel-like structures and connections ( Figure 1A ).
| Quantitative PCR
Subsequent analysis (using Image Pro Plus 6.0) of the lengths, widths and connections of vessels indicated a positive effect of IGF-1 on angiogenesis in the EC/ASC co-culture system. The number of microvessel-like structures and connections among RFP-mECs increased after exposure to IGF-1 ( Figure 1A ). Corresponding lengths and widths were longer than those in the control co-culture group ( Figure 1B,C) . As shown in Figure 1D , the number of ASCs in the region surrounding ECs increased after treatment with IGF-1.
| IFG-1 and co-culture influenced angiogenesisrelated genes and proteins in ECs as well as the PI3K/ Akt signalling pathway
According to our previous studies, co-culture of ECs and ASCs facilitates the formation of microvessels and enhances corresponding gene expression. 11 In our current study, exposure to IGF-1 promoted angiogenesis in the EC/ASC co-culture system ( Figure 1) ; accordingly, we further explored the biological changes in the EC/ASC co-culture system.
F I G U R E 3 Protein expressions of VEGF-A, MMP-2, MMP-9 and p-Akt in
ECs were up-regulated by IGF-1 and crosstalk. Western blot showed that protein levels of VEGF-A, MMP-2 and MMP-9 in ECs exposed to IGF-1 and crosstalk were enhanced. Moreover, up-regulated p-Akt level was detected. GAPDH levels were set as the internal normalized control. The results shown were representative of three different experiments (n = 3). Data were presented as means ± SD, *P < .05
Transwell chambers were used for gene and protein detection. For this analysis, cell samples were divided into three groups: mono-cultured ECs, mono-cultured ECs with IGF-1 and co-cultured ECs with IGF-1.
The qPCR results (Figure 2A-F) for ECs indicated that the expression levels of VEGF-A, TGF-β, PDGFB, FGF-1, MMP-2 and MMP-
9 in mono-cultured ECs were up-regulated after exposure to IGF-1.
Moreover, VEGF-A, PDGFB, FGF-1, MMP-2 and MMP-9 were more
highly expressed in co-cultured ECs treated with IGF-1 than in the other two groups. Western blotting was used to examine expression at the protein level for VEGF-A, MMP-2 and MMP-9. As shown in Figure 3A and in the semi-quantitative analysis summarized in Figure 3B To identify the underlying molecular mechanism, the PI3K/Akt signalling pathway in ECs was examined. The p-Akt level increased substantially after treatment with IGF-1 and co-culture ( Figure 3E ).
| Expression levels of angiogenesis-related genes and proteins in ASCs increased after IGF treatment and co-culture
In the EC/ASC co-culture system, ASCs act as pericytes and facilitate the expression of pericyte-related genes or angiogenesis-related genes, Figure 5A ,B, IGF-1 and co-culture synergistically up-regulated the expression of α-SMA (a pericyte marker 23 ), demonstrating that ASCs might function as pericytes around ECs. Similar patterns were observed for the protein expression of MMP-2, MMP-9 and VEGF-A ( Figure 5A,C,D,E) .
The same analyses were applied to ASCs to investigate the potential signalling pathway involved in the tendency for ASCs to function as pericytes. Based on Western blot results, we found that p-Akt in ASCs ( Figure 5F ) was expressed at a high level after treatment with IGF-1 and co-culture.
| DISCUSSION
Cell-based vessel regeneration therapies are applied to ischaemic disorders, such as myocardial infarction and PVD. 8, 9, 24 The combined F I G U R E 5 Protein expressions of VEGF-A, MMP-2, MMP-9 and p-Akt in ASCs were up-regulated by IGF-1 and crosstalk. Western blot showed that protein levels of VEGF-A, α-SMA, MMP-2 and MMP-9 in ASCs exposed to IGF-1 and crosstalk were enhanced. Similarly, upregulated p-Akt level was detected. GAPDH levels were set as the internal normalized control. The results shown were representative of three different experiments (n = 3). Data were presented as means ± SD, *P < .05 application of ECs and ASCs has been established as a practical method to construct stable vascular networks; ASCs provide microvascular beds and up-regulate secreted bioactive factors.
1 IGF-1 is generated from cell types, such as vascular smooth muscle cells, macrophages and platelets, involved in atheroma formation. 25 In addition, IGF-1 expression is high at vascular injury sites, for example, in the walls of arteries with balloon denudation.
26
In our previous studies, we found that the co-culture of ECs and
ASCs could facilitate the formation of microvessels and up-regulate the expression of angiogenesis-related genes. 12, 27, 28 In the current study, we explored the role of IGF-1 in angiogenesis in the EC/ASC co-culture system and further investigated the mechanism of action of IGF-1 and underlying signalling pathways.
We report three main findings. As a significant regulator of physiological angiogenesis, VEGF-A promotes the growth of ECs in vitro and leads to an angiogenic response in vivo. 29 In addition to preventing apoptosis in ECs, VEGF-A plays a vital role in the mediation of vascular permeability and induction of endothelial fenestration in some vascular beds. 30 mechanisms and we will carry it out in our next study. Secondly, we screened the growth factor profile which was based on the common genebank, and other unscreened growth factors may also play a vital role in angiogenesis.
